Introduction
All living cells are confronted with the dilemma that on one side they need certain am ounts of free heavy metal ions (such as Z n2+, Cu2+, Ni2+, etc.) for their normal metabolic function, and on the other side they have to protect themselves from an intra cellular excess of these metal ions which would lead to cell death. This dilemma can only be overcom e by a stringent regulation of free metal ion concentration within the cells, which can be regulated in several ways such as: metal-binding to cell walls, reduced transport across cell m em brane, active efflux, compartm entalization and chelation [1] . The mechanism which has been studied most closely in recent years is chelation. Heavy metals in vertebrates and certain fungi are detoxified by sulfur-rich, 6.5 kD a proteins devoid of arom atic amino acids, the m etallothioneins [2] . Plant cells, on the other side, after heavy metal exposure, synthesize small, sulfur-rich peptides that [8 ] ; 4X = Gam borg et al. medium [9] containing as horm ones 0.5 mg/1 indoleacetic acid, 0.5 mg/1 naphthaleneacetic acid, 2 mg/1 2,4-dichlorophenoxyacetic acid, 0.2 mg/1 kinetin; D AX = Gamborg et al. medium [9] containing as hormone 2 mg/1 2,4-dichlorophenoxyacetic acid; MS = Murashige and Skoog [10] .
Seeds of plants were obtained from the botanical gardens of Cologne, Bayreuth and Munich. Seed lings were placed on styrofoam rafts so that their roots were exposed to Hoagland-nutrient solution [11] which was aerated (0.5 1 air x h-1 x r'-n u trie n t medium) at 27 °C at 1200 lux. Exposure to C d (N 0 3 ) 2 was done for 4 -12 days at a concentration of usually 20-50 |o,m . The moss Marchantia polym orpha was cultivated under sterile conditions in Knop solution [12] solidified with 1.2% agar. D nfrrentiated plants of several Pteridophyta were exposed to heavy met als in the same way, however, the Hoagland-nutrient solution [1 1 ] was diluted to Yw strength.
A nalytical procedures
Heavy metals were determ ined by atomic absorp tion spectroscopy (Perkin-Elm er PE-1100B) with flame mode. Samples (50 mg) were digested with concentrated H 2 S 0 4 or H N 0 3 (50 ^1) and analyzed after appropriate dilution (to 1.5 ml). Protein was determ ined according to [13] , SH-groups according to [14] , Phytochelatins were assayed as follows [7, 15] : Tissue was frozen with liquid nitrogen, ground, and to 400 mg powder was added 0.4 ml 1 n NaOH containing 0.4 mg N aBH 4. The sample was sonicated (Branson, 3 x 5 sec, setting 4) and subsequently cell debris centrifuged off. The supernatant was transfer red into an E ppendorf vial, acidified with 100 fil 3.6 n HC1 and put on ice for 15 min. Precipitated protein was removed by centrifugation. 20-250 (il of this clear supernatant were injected into an HPLC system (Spectra-Physics, as described in [7] ). Nucleosil (10 C-18) or LiChrosorb (RP-18; 7 n) 4 x 250 mm columns were used for separation of the peptides. Elution was achieved by a gradient using 0.05% H 3 P O 4 in 0 -20% a c e to n itrile -H 2 0 . D etec tion was for pure phytochelatins at 2 2 0 nm, crude extracts were analyzed by -SH specific detection using E lm an's reagent (DTNB) [14] . Post-column derivatization was accomplished by mixing to the eluate of the separation column DTNB reagent (75 |i m DTNB in 50 m M K _2P 0 4 buffer pH 8 ) at a rate of 2 m ix m in-1. The mixture was passed through a reaction loop (5 ml volume) which corre sponds to a reaction time of 1.25 min and sub sequently the absorption at 410 nm was recorded and the peak area automatically integrated [15] . G luta thione was used as standard. The nmol peptides were related to dry weight of the plant sample or protein content. One ng of phytochelatin complex could still be quantitated and resolved into individual PC species by this m ethod. This method yielded at least 90% of cadmium PC present in the sample.
Results

The heavy-m etal binding peptides from lower plants
It has previously been shown that algae are capa ble of forming phytochelatins in response to heavy metal stress and that in contrast to previous reports not proteins are responsible for this detoxification but rather the peptides of the (y-Glu-Cys)"-Gly type [7] . In order to extend our knowledge about the ubiquity of the heavy-metal binding phytochelatin system in the plant kingdom, plants of the division Bryophyta and Pteridophyta were tested. As shown in Table I , a m em ber of the mosses, Marchantia p olym orph a, when grown in axenic culture was capa ble of forming PC2 and PC3. The HPLC profile is given in Fig. 1A . No PC synthesis was detected in the control sample. In the division of Pteridophyta, however, where particularly slow growing plants are found, none of the plants grown in the field or under greenhouse conditions yielded PC synthesis upon ex posure to Cd2+ in their native soil, except the water fern A zo lla filiculoides, which could be directly transferred to the heavy metal solution. There was the possibility that the heavy metal was adsorbed to soil particles and could not reach the roots. The availability of heavy metals was achieved by satura tion of the soil particles with A l3+ first, as described by Fischer [16] . Plants growing in their natural envi ronm ent, treated with a mixture of 1 mM Al3+, 1 mM Z n2+ and 100 piM Cd2+ in aqueous solution, reacted clearly by PC induction after a period of 4 days (Table I) . Ms. B. Rittgen in our laboratory suc ceeded also to establish a cell culture of Equisetum giganteum, the first cell culture reported for a m em ber of the Equisetales. It could be shown that these suspension cultures reacted immediately and to the same extent as cultures of higher plants towards exposure to 100 |xm Cd2+ with the synthesis of PC's ( Fig. 1B) . For induction of PC synthesis in E. giganteum on the natural substrate by Cd;+, again masking of the soil particles with A l3+ was necessary. The results compiled in Table I dem onstrate for the first T i n r^m i n time that members of the Bryophyta and Pteridophyta are capable of detoxifying excess concentrations of heavy metals by chelation to PC's. Probably, under normal conditions, these plants use the PC system for the homeostasis of heavy metals in their m etabo lism as was shown for Sperm atophyta [17] .
Phytochelatins in Coniferophytina
In the division Sperm atophyta, the subdivision Coniferophytina (Gymnospermae) comprises about 800 known species. Some of these species have re cently received special attention due to damages re ported which are supposed to be of anthropogenic origin and heavy metal pollution was considered to be one possibility [18] . It was therefore of interest to investigate the potential of this group of plants to produce phytochelatins. Both suspension cultures and 1 year old rooted plants (seedlings) were used for these experiments. As shown in Table II , all of the members of the Gymnospermae tested (members of two of the three existing classes) had the ability to form PC 's in varying chain length after exposure to Cd2+. All unexposed control plants did not yield evi dence for the presence of PC's. The HPLC profiles of cell cultures of Pinus pinea (A) and G ingko biloba (B) treated with 100 |xm Cd2+ are shown in Fig. 2 and dem onstrate clearly PC formation. We therefore conclude that also all members of the Coniferophy tina do chelate heavy metals through the phytochela tin system, involving m etal-thiolate complexes.
Phytochelatin induction in Angiosperm ae
The Angiospermae (Magnoliophytina) are by far the largest subdivision in the plant kingdom, com prising about 250,000 species. In the past we were Table I able to dem onstrate that several plant species grown in cell culture when supplied with sublethal concen trations of heavy metals such as Cd2+, Z n2+, Cu2+, Pb2+, A g 1 + , Hg2+ induce PC synthesis, yielding the corresponding PC metal complexes [3, 15] . In order to prove that this detoxification mechanism is of Table III . Only the 10 most active species, differentiated plants and cell cultures are shown. The list of the species not shown here is available upon request from the corresponding author. For the species which pro duces the largest num ber of PC chains found during this survey the HPLC profiles is shown in Fig. 3 A. It is Rauwolfia serpentina for which peptides up to PC n (23 amino acids) were shown to occur. Retention times of peptides (TR) during HPLC chromatography do not increase linearly but logarithmically as ex pressed by the formula given by Sasagawa et al. [19] . Application and transform ation of his equation gives in the case of phytochelatins:
Trpcii-T rgsh = a x log n (n = 1, 2, 3, 4 ...) R etention times for the sequenced PC monomers PC2 -PC6 (TRPCn) were taken from the chromatogram shown in Fig. 3 A (linear acetonitrile gradient 1% x m in-1). The retention time for GSH was deter mined to be 2.38 min. In Fig. 3B the differences in retention time between individual PC members and glutathione ( R rpcii-T RGsh) were plotted against the log of (y-G lu-Cys) units. A straight line resulted, with a slope which could be calculated as a = 18.47 min. The transform ed equation is therefore: Trpcii = 18.47 min x log n + 2.38 min where n is the num ber of (y-G lu-Cys) units in a given phytochelatin molecule. Employing this equa tion, the retention times of an unknown PC member
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Number of (Glu-Cys) -units can be calculated. The retention time for the higher PC homologues PC7_U were calculated using this for mula and m atched perfectly the values found in Fig.  3 A. The error in retention times determ ined for each individual PC m em ber was less than 1%.
In the hope to find plant species which would yield cell cultures having a higher than normal ability to synthesize PC 's, Linum usitatissimum, G ossypium herbaceum, Ipom ea purpurea, and Tropaeolum majus cell cultures were induced from seeds. The resulting suspension cultures, however, showed no increased PC synthesis potential when compared to our standard organisms Rauwolfia serpentina (Apocynaceae) and Silene cucubalus (Caryophyllaceae). Q uantitative data are shown for Linum (dif ferentiated plant vs. cell culture) in Table III . It is also of interest to note that some members of genera in which heavy-metal tolerant plants are found (Vio lates, Caryophyllales) reacted with an average rate of synthesis of PC's to exposure to Cd2+. PC synthesis was found also to occur in A rabidopsis thaliana and in several species of Oenothera. It would be interest ing to analyze the genetical basis of PC synthesis using these genetically well characterized organisms.
The same type of survey was done also in the sec ond class of the A ngiosperm ae, the monocotyledoneous plants (Liliatae). As shown in the abbrevi ated Table IV , again all species tested (23 species of 14 orders) of this class show a response to Cd24-expo sure by phytochelatin form ation. Some members of the most im portant food plants: oat, barley, rye, rice, w heat, and maize all produce PC's when chal lenged with heavy metals. The heavy metal-phytochelatin complexes may therefore be relevant for animal and human nutritional studies since these complexes reflect the state of heavy metal chelation within these plants. H PLC profiles of two species of the class M onocotyledoneae are depicted in Fig. 4 (A: A ven a sativa (Poales), and B: Phalaenopsis amabilis (Orchidales)).
Up to this point all investigated higher and lower plant species w ithout exception produced PC's of the general formula (y -G lu -C y s)" -G ly upon exposure to Cd2+.
The exception: hom o-phytochelatins in the Fabales
During this survey on the ubiquity of the phyto chelatin metal inactivating pathway a cell culture of G lycine max (soybean) was tested. This m em ber of the order Fabales (Leguminosae) also yielded induc ible, metal containing, low m olecular weight pep tides. This m aterial was subjected to H PLC analysis and displayed a partition pattern similar to that of phytochelatins. H ow ever, the sulfhydryl-rich pep tides had a slightly increased retention time com pared to the usual phytochelatins (45 sec for PC2) [4]. A utom ated amino acid analysis of the hydro lyzed peptide revealed that these peptides are com posed only of glutamic acid, cysteine and a non-protein amino acid which was identified by mass spec troscopy to be ß-alanine [4] . These peptides were unequivocally identified as homologues of the phyto chelatins by chemical analysis. The chain length pat- tern of these compounds is identical to the PC series. The only difference resides in the carboxy terminus where ß-alanine substitutes for glycine. These com pounds were called "hom o-phytochelatins" (h-PC) and display the general formula (y-G lu-Cys) -ß-Ala. Members for n = 2 -7 have been found up to now. A limited survey [4] proved that in the order Fabales there are species producing upon exposure to heavy metal exclusively h-PC, others only PC and some both h-PC and PC within one and the same plant. The carboxy term inal amino acid is obviously determ ined by the presence of either glutathione, or homo-glutathione or both within a given plant species, the tripeptides being assumed to be the biosynthetic precursors of the PC families [3, 4, 15] . The survey of differentiated plants or cell cultures as to their ability to form GSH or h-G SH , as well as to synthesize upon Cd2+ exposure PC (only PC2 shown) o r h-PC (only h-PC2 shown) has now been extended and is shown in Table V . The total content of (y-G lu -Cys) units is given as a measure of the PC synthesizing capacity of the individual plant species. A total of 57 species of 36 genera of all the eleven tribes of the Fabaceae, 6 species of 4 tribes of the Caesalpiniaceae, and 4 species of 4 tribes of the M imosaceae have been investigated. While all inves tigated species of the Mimosaceae and Caesalpinia ceae, as well as all analyzed species of the tribes G enisteae, Podalyrieae and Sophoreae synthesized PC 's, the analyzed members of the tribus Phaseoleae produced h-PC's as well. Only Clitoria ternatea and some Vigna species within the Phaseoleae synthesize GSH/PC. Both, Vigna umbellata and Vigna radiata (syn. Phaseolus aureus) synthesize h- Table I GSH and therefore h-PC. In all other tribes, i.e. G alegae, Vicieae, Trifolieae, Loteae, O nonideae, and Dalbergieae (with very few exceptions) only the sim ultaneous presence of GSH/ h-GSH and therefore PC/h-PC was observed. In the tribe Coronilleae only one of five species analyzed had the mixed PC/h-PC type, all the others contained only GSH/PC. The consistency of the monomer/oligomer pattern is strong evidence for the direct participation of GSH and h-GSH in the biosynthesis of PC and h-PC, re spectively.
Discussion
In this survey somewhat more than 200 individual species of lower and higher plants were tested for their ability to form phytochelatin or homo-phytochelatin heavy-metal binding complexes after expo sure to cadmium ions. Indeed, this survey represents less than 0.1% of all existing plants. But one or sev eral members of all the m ajor plant classes, orders and families were investigated and not a single plant species was found which did not respond with either PC or h-PC synthesis to exposure to the heavy metal. The (y-G lu-Cys) oligomer containing a glycine carboxy terminus is by far the predom inant heavy-metal binding complex. The members with a ß-alanine ter minus are exclusively restricted to the order Fabales of the Angiosperm ae. This survey made it clear that there is no other m ajor complex involving (y-GluCys) oligomers with an amino acid carboxy terminus other than glycine or ß-alanine. It made also clear that the glycine-deficient phytochelatin species (G lu -Cys) 2 first found in maize [20] , which also occur in the fungi Schizosaccharomyces p o m b e and Candida glabrata [6 ] , are not of general occurrence. This des-glycine phytochelatin may very well be a degradation product of normal phytochelatins by action of carboxy peptidases.
Animals respond to heavy metal stress by induc tion of metallothionein through gene expression. Plants react by induction of phytochelatin (homophytochelatin) form ation via enzymic polymerization of glutathione (or homo-GSH). Thus an evolution ary divergence in heavy metal sequestration has occurred between plants and animals. In this con text, it is of considerable interest that for the first time a fungus (Candida glabrata) was found [6 ] which expresses both m etallothionein and phytochelatin.
The biosynthesis of m etallothioneines is regulated by C u2+ while phytochelatin is induced by Cd2+. This finding [6 ] that the fungus Candida glabrata contains m etal inactivating mechanisms of both the plant and animal type may reflect lateral gene transfer in the division Mycophyta (fungi). This division should in the future be further analyzed for the metal inactivat ing mechanisms.
Winge and his coworkers [21] recently critically discussed the naming of the (y-G lu-Cys)"-Giy or (y-G lu-Cys)"-ß-Ala peptides. They [6 , 21] prefer to call these com pounds y-glutamyl peptides, a name which is certainly not tenable since y-glutamyl com pounds occur abundantly in the plant kingdom [23] and the generic name can thus not be used to classify these specific types of metal-binding (y-GluCys)" -Giy or -ß-Ala oligomers. Previously, these peptides have been referred to as "cadystin A and B" [5] . Independently, after the discovery of the families of both types of oligomeric peptides as principal heavy-metal chelating substances in plants, we pro posed the name "phytochelatins" [3] . The subse quent criticism was that these names are "either nondescriptive or too restrictive" [21] . The restrictive ness was m eant to refer to the occurrence of these com pounds solely in plants. Winge et al. [24] distin guish three separate kingdoms (plants, fungi and protista) in which phytochelatins are found and argue that therefore the name p h yto -chelatins is not appropriate. These authors obviously refer to sug gestions by W hittaker [25] who postulated a total of five (though overlapping) organismic kingdoms, ideas which are controversially discussed by tax onom ists since. Photosynthesizing algae (even those which do it facultatively like Euglena [7] ) are part of the plant kingdom and the overwhelming majority of taxonomists regard fungi as a specific organisational type of the plant kingdom (e.g. [26] ). There is little doubt that some fungi are evolutionarily more close ly related to plants while others are more closely related to animals [27] . It might be suggested here that the mode of metal chelation may even provide a clue to the evolutionary origin of a given fungal species. We have to assume now that over 300,000 organisms of the plant kingdom possess the principle of m etal homeostasis and detoxification through the form ation of the chelating compounds (y-G luCys)"-Giy or -ß-Ala; we therefore think that the nam e phytochelatins (homo-phytochelatins) for these types of com pounds is amply justified.
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